This paper describes the design and construction of the Taban tokamak, which is located in Amirkabir University of Technology, Tehran, Iran. The Taban tokamak was designed for plasma investigation. The design, simulation and construction of essential parts of the Taban tokamak such as the toroidal field (TF) system, ohmic heating (OH) system and equilibrium field system and their power supplies are presented. For the Taban tokamak, the toroidal magnetic coil was designed to produce a maximum field of 0.7 T at R=0.45 m. The power supply of the TF was a 130 kJ, 0-10 kV capacitor bank. Ripples of toroidal magnetic field at the plasma edge and plasma center are 0.2% and 0.014%, respectively. For the OH system with 3 kA current, the stray field in the plasma region is less than 40 G over 80% of the plasma volume. The power supply of the OH system consists of two stages, as follows. The fast bank stage is a 120 μF, 0-5 kV capacitor that produces 2.5 kA in 400 μs and the slow bank stage is 93 mF, 600 V that can produce a maximum of 3 kA. The equilibrium system can produce uniform magnetic field at plasma volume. This system's power supply, like the OH system, consists of two stages, so that the fast bank stage is 500 μF, 800 V and the slow bank stage is 110 mF, 200 V.
Introduction
The first tokamak was designed and constructed in the 1950s, at the Kurchatov Institute of Moscow. Since then, tokamaks have undergone significant development [1] . Fusion machine technology was employed in Iran for the first time by the Atomic Energy Organization of Iran. It was obtained from Russia in 1994, after being built by the Kurchatov Institute. It is a small tokamak with an elongated plasma cross-section, with the parameters b=10 cm and a=7 cm, which were half height and minor radius, respectively [2] . Another tokamak was the IR-T1 tokamak (purchased by Islamic Azad University, Tehran, Iran, from China in 1994), which is an ohmically heated air core tokamak with major radius R=0.45 m and minor radius a=0.125 m [3] . The Taban tokamak was the first tokamak with all its parts designed and constructed in Iran. Generally, tokamak operation was based on the interaction of magnetic fields with the plasma, so proper knowledge of the magnetic field topology, magnetic field profile, magnetic flux and error field often help in start-up and improving the performance of the tokamak [2, [4] [5] [6] . The electromagnetic systems of the tokamak are divided into three main sub-systems [7] [8] [9] [10] : toroidal field (TF) system, ohmic heating (OH) system and equilibrium field (EF) system. Some tokamak magnetic field profiles and their behavior were studied by using the finite element method (FEM) [11, 12] . In this paper, 3D and 2D FEMs were used to investigate the magnetic field. Detailed design, simulation and construction of the Taban tokamak are presented. In section 2, the main parameters of the Taban tokamak such as the major and minor radius, range of ultimate and operational pressure and control system are reported. In section 3, the toroidal magnetic field and its ripple are simulated and the ripple is in the allowable range. The distribution of the magnetic field of OH is simulated and the stray field of OH in the plasma region is in an acceptable range as indicated by the position of the OH coils in section 4. Also, in section 5, the EF is simulated and its magnetic field in the chamber is uniform.
The Taban tokamak was planned in order to investigate the following issues: study of runaway electron generation and measurements, study of different pre-ionization techniques such as microwave, electron gun, and so on. This device is used as a diagnostics test bed for the study of instability and particle and energy transport in the plasma edge.
The Taban tokamak
The Taban tokamak is a circular cross-section small-size tokamak. It has a major radius of 0.45 m and minor radius of 0.15 m, so that the aspect ratio is 3. The vacuum vessel (VV) provides a suitable condition for plasma confinement, shaping and stability [13, 14] . The VV of the Taban tokamak consists of the torus, which consists of four sections connected to each other by Viton O-rings, which can provide a high-vacuum condition for the generation and confinement of the plasma. The Taban VV is a wall-welded circular-shaped torus giving a 200 l interior volume. The vessel thickness is 3 mm. As shown in figure 1 , four side-ports allow an overall observation of the plasma in the radial direction; vacuum system connection and diagnostics, four top and two bottom ports are used for vertical observation or other diagnostics. The chamber is evacuated to a base pressure of 10 −6 Torr with a turbo molecular pump (model TURBOVAC 361) and a backing rotary pump (model DS602), which is connected in series, and has a working pressure of 10 −4 Torr. The chamber pressure is measured by means of a cold cathode ionization gauge. The vacuum pumps, as with other tokamak systems, are controlled from a control room.
Four processes have been carried out on the VV for highvacuum preparation. The first was to electro-polish all surfaces of the VV exposed to the vacuum. The second stage included the preparation of all the O-ring sealing surface. The third stage was to chemically clean the vessel. And the final stage was discharge cleaning and baking of the vessel. The 0.1 kW (500 V/200 mA) DC glow discharge with He gas that produces low-energy plasma prepares the VV for tokamak discharge. The Taban tokamak is shown in figure 2 . The main parameters are listed in table 1. Hot cathode (tungsten filament) and electron cyclotron resonance pre-ionization (9 GHz/60 kW) systems will be used.
The power supply system is one of the main sub-systems of the tokamak; there are many pulsed systems such as the flywheel generator, converter-based system, capacitor banks, etc. Capacitor banks are an attractive candidate for use in toroidal, ohmic and equilibrium systems. The charge/discharge of various power supplies plays a major role in the process. The Taban tokamak automation control system is a user-friendly programmable logic controller-based system, which can control the charge/discharge, emergency discharge, and vacuum system of the Taban tokamak. The Taban tokamak control system is shown in figure 3 . All capacitor banks are charged by a transformer that was rectified and primary of that connected to a motor-driven variac transformer to control the charging voltage and rush current, and the upper and lower voltage set points and remote charge controls were programmed. These banks could be discharged with the exact time sequence, which is set by the human machine interface system. This discharge timing command is applied with a microcontroller to trigger all the capacitor banks' solid-state and ignitron switch.
Toroidal magnetic field system of the Taban tokamak
The main role of the TF system is to provide a TF to confine the plasma. These coils produce the field that prevents the plasma column from contacting the chamber wall [5] . The TF system of the Taban tokamak and its power supply is the main part of the Taban tokamak. Some main characteristics of TF coils such as magnetic field profile, ripples, etc, have been described. TF coils generate a toroidal magnetic field inside the plasma. For the Taban tokamak, the toroidal magnetic coil was designed to produce a maximum field of 0.7 T at R=0.45 m.
The basis to be considered for designing and fabricating the Taban tokamak TF coils is as follows: the TF at the center of the chamber (R=0.45 m) is 0.7 T, the heating of the coil conductor limits its current density, also there were some ripples in the TF because of the discrete nature of toroidal magnetic field coils, TF ripples plays the main role in the confinement and transport properties of plasma, the maximum ripple δ produced at the plasma edge must not exceed 1%-2%, while the ripple at the plasma center should be less than 0.01% in order to avoid stochastic diffusion losses [15] [16] [17] .
As the TF coil distribution is discrete along the circle, the magnetic field at the same radius is not the same in a different direction along the circle, and thus there is ripple [18] . The ripples are defined as follows [19] : are the maximum and minimum magnetic field in r direction. With consideration of port access and the maximum ripple limitation number of the toroidal, the magnetic field was selected as 16 with coil periods of 22'5. So ripples at the plasma edge and plasma center are 0.2 and 0.014, respectively. Figure 4 shows the configuration of the toroidal magnetic field for N=16 and a guideline of the simulation of circle1 with a radius of 0.45 m (plasma center) and circle2 with a radius of 0.6 m (plasma edge) and line1 is the midline between two coils and line2 is the cross-section plane of the coils.
The ripple of toroidal magnetic field for N=16 at r=0.45 m (circle1) and r=0.6 m (circle2) is shown in figure 5 .
Using Ampere's law, the toroidal magnetic field can be estimated:
where μ 0 is the vacuum permeability, N is the number of toroidal magnetic field coils and I is the current of each coil. 3D magneto-static simulations with constant current excitation for the toroidal magnetic field of the Taban tokamak have been carried out. The FEM was used in this analysis. The 3D TF coil system arrangement and magnetic field arrows are presented in figure 4 . In simulations, the TF coils are supplied with constant current (3 kA). Figure 5 shows the toroidal magnetic field distribution, and the maximum magnetic field occurs at the inner surface of the toroidal magnetic field coils. The variation of toroidal magnetic field is inversely proportional to the R major radius of the tokamak. The field strength is approximately proportional to 1/R in the plasma region. TF coils consist of 16 coils connected in series, with 30 turns per coil made from copper with a 6 mm 2 area (16 AWG) that can carry 3 kA transient current. Each coil was insulated by epoxy resin and mounted in a PTFE (Teflon) frame. The inductance of the N-turn uniformly wound on the toroid of major radius R and minor radius a is,
where μ 0 is the vacuum permeability, R is the major radius and a the minor radius. The Taban tokamak with this specific parameters (R=0.45 m and a=0.15 m) that yield L TF = 7.44 mH, after fabrication, was measured at 7.8 mH.
Approximately 520 m of 16 AWG-size wire was used in the TF coil fabrication, for this length of cable resistance was 1.5 Ω and that was measured 2 Ω.
The TF coil's power supply is a 130 kJ, 0-10 kV capacitor bank. The discharge signal of the TF capacitor bank with the ignitron switch (Model No.GL-37207A) is shown in figure 6 .
OH system of the Taban tokamak
The OH coils provide, by changing the current rapidly in the coils, the electric field needed to break down the plasma. This driven current provides OH of plasma due to the plasma resistance [20] . The OH coils consist of two main components including a central solenoid and its outer turns. The first produces the high ionizing electric field as well as the desired flux and the second part guides the return flux from the solenoid out around the plasma, adding minimal field contribution, which interferes with the initiation positioning of the plasma [21, 22] The combination of field lines of the TF and poloidal fields generated by the plasma current leads to a helical magnetic field to confine the plasma in the tokamak [5, 23, 24] .
Two main considerations in OH coil design should be taken into account. First, the OH coil system should produce the poloidal magnetic flux, which is necessary to drive the toroidal plasma current. Note that the background neutrals should be ionized by this toroidal current generated by the transformer [25] . Second, OH coils should be positioned to minimize the stray magnetic fields in the region where the plasma is formed [4, 26] .
The required high peak voltage and power to initiate the plasma discharge are obtained by the OH coil as an inductive energy storage element and the OH coils are poloidally distributed to maintain B OH =0 within the plasma volume. The 2D FEM simulation has been performed to position the coils [24, 27, 28] . The system has been designed for a maximum stray magnetic field of 40 G kA −1 current in the primary of the OH coils, at the plasma center.
The Taban tokamak uses a capacitor bank; a double-stage capacitor system produces the primary current in OH coils. The first stage is the fast bank stage that initiates the rapid bulk ionization of the filling gas and pre-ionization. The second is the slow bank. The magnitude and duration of the plasma current are increased during the slow bank stage. The size and shape of the chamber as well as the TF magnitude at the center of the plasma have been selected after OH system design. Equation (4) indicates that the maximum current of the tokamak depends on the size and TF magnitude. The OH bank should be designed to induce this calculated current [29] .
where B t =0.7 T. b is the plasma radius equal to 0.1 m. I plasma is about 30 kA. Inductance of the toroidal plasma (with uniform current density over the plasma cross-section) can be calculated as the equation:
Equation (5) yields L=1 μH for the plasma. If the plasma and OH coils are considered as a transformer, such as in figure 7 , equations (6) and (7) describe the relation between the OH primary and the plasma currents. The indicator 2 represents the plasma.
where, M=mutual induction, L 1 =OH transformer inductance, L 2 =inductance of the plasma, R 1 =resistance of the OH primary circuit, R 2 =resistance of the plasma, i 1 =OH primary current, i 2 =plasma current and q=charge on the OH capacitor. If the OH coils are well positioned (B OH =0 in the plasma), all of the OH flux lines surround the plasma. The mutual inductance is therefore:
N is the number of primary turns in the OH transformer. Plasma resistance has been neglected (R 2 =0). Therefore, the results of this equation give the power supply parameter of the OH systems. Also, the fast bank should be designed to achieve the maximum primary current of coils according to equation (8) . The OH slow bank, at least, maintains the magnitude of the plasma current generated by the fast bank. OH circuit parameters for the Taban tokamak are presented in table 2.
The OH coils consist of the central solenoid with sets of compensating windings that are poloidally distributed around the VV to minimize the stray fields in the plasma volume [21, 24, 27] . This arrangement has been simulated with 2D axisymmetric in magneto-static mode using the FEM. The obtained results indicate that the excitation current value is 3 kA. The coil location allows the minimization of the stray field in the plasma volume. The details of the OH coil locations are described in table 3. The magnetic flux contours for the OH coils described in table 3 are shown in figure 8 . At a Table 3 . Position of OH coils. coil current of 3 kA, the residual field in the plasma region is less than 40 G over 80% of the plasma volume. Figure 9 illustrates the distribution of the magnetic field. The maximum field intensity of the OH coil is about 0.03 T and stray field in the plasma region is less than 12 mT.
The OH coils contain 44 turns electrically connected in series and positioned as given in table 3 around the chamber. 4#AWG, 600 V thin cable was used. Approximately 87.8 m of cable was used in constructing the 0.56 mH, 104 mΩ OH transformers. The primary current of the OH transformer is supplied by a double-stage, 18 kJ capacitor bank. The fast bank stage is a 120 μF, 0-5 kV capacitor that produces 2.5 kA in 400 μs. At the maximum current of the fast bank, the 93 mF, 0-600 V electrolytic slow bank stage is passively (diode) switched into the circuit. The OH coil's power supply is an 18 kJ capacitor bank. The discharge signal of the OH capacitor bank with a solid-state switch is shown in figure 10 . In an experimental test without plasma, the maximum loop voltage produced by the ohmic capacitor bank discharge was nearly 30 V, which is sufficient for pre-ionizing to initiate the process. 
EF of the Taban tokamak
The toroidal plasma column tends to radial extension due to the higher magnetic pressure of the inner rather than in the outer region. This extending force is balanced by the force that has arisen from the interaction between the toroidal plasma current and equilibrium magnetic field of the external coil [4] . The z component of the required EF for the circular plasma shape is solved [5] : Figure 11 . Distribution of equilibrium of the total magnetic field at z=0 plane (left) and z component of the magnetic field at z=0 plane (right). 
The EF generates a net J B   force directed radially inward, which creates the radial plasma equilibrium. The EF coil must provide a sufficient B V . The EF fast and slow bank capacitance must be chosen to match the respective fast and slow bank quarter-periods of the OH current waveform. In addition, the voltage of the fast and slow banks must be selected to provide B V for the predicted plasma current of equation (4) . Under general assumptions for a small tokamak, a magnitude of B V can be calculated: The required EF is 20 mT, which requires a current of 800 A in the EF windings. Since the EF is essential to avoid the radial expansion of the plasma column, the EF current should be the same in duration and shape as that of the OH current. To obtain this waveform, a dual-stage, vertical field capacitor bank was constructed. The EF windings were connected to a 0.5 mF (800 V) fast capacitor bank and 110 mF (160 V) slow capacitor bank to produce 800 A.
The position of EF coils has been shown in table 5. EF coils generate the vertical field for radial equilibrium. The determination of the current distribution to produce a given field is very important for the design of EF coils. The operation of the EF coil arrangement was simulated by the FEM, in magneto-static mode (I=800 A). The distribution of the EF magnetic field and magnetic field z component is shown in figure 11 . Arrows of the EF of the tokamak are shown in figure 12 , which shows that the magnetic field of the EF is uniform in the plasma region.
The EF is created by sets of windings, parallel to the OH windings, carrying equal but oppositely directed currents. The entire 28 turns, 0.35 mH, 100 mΩ EF coils were wound with #4AWG, 600 V. The fast EF bank consists of a 0.5 mF, 0-800 V capacitor that produces 600 A in 650 μs. The slow EF bank, consists of a 110 mF, 0-200 V electrolytic capacitor switched into the circuit at the current maximum of the fast bank. The EF coil's power supply is a 2.2 kJ capacitor bank. The discharge signal of the EF capacitor bank with a solidstate switch is shown in figure 13 .
Conclusions
The basic parameters of design, simulation and construction of the Taban tokamak have been presented, which could produce 20 kA plasma current with 5 ms duration, which will be improved. The main sub-systems of the Taban tokamak including the VV, toroidal magnetic field, OH system and EF were designed and constructed. The TF system consists of 16 circular coils, the TF power supply system including a 130 kJ capacitor bank, which could produce 0.7 T in the center of the VV. The OH system is composed of 44 coils located around the chamber, the OH system power supply is an 18 kJ capacitor bank, and the stray field of the OH field in the plasma region is less than 40 G over 80% of the plasma volume. In an experiment without plasma the maximum voltage of the loop voltage that was produced by just the ohmic capacitor bank discharge was nearly 30 V, which is sufficient for pre-ionizing for the initiation of process. The EF system has 28 coils that can produce a uniform magnetic field (20 mT) at the plasma region, with a 2 kJ capacitor bank power supply.
